The p53 tumor suppressor gene can induce either apoptosis or a permanent growth arrest (also termed senescence) phenotype in response to cellular stresses. We show that the increase in intracellular reactive oxygen species (ROS) associated with the magnitude of p53 protein expression correlated with the induction of either senescence or apoptosis in both normal and cancer cells. ROS inhibitors ameliorated both p53-dependent cell fates, implicating ROS accumulation as an effector in each case. The absence of Bax or PUMA strongly inhibited both p53-induced apoptosis and ROS increase, indicating an important role these p53 targets affecting mitochondrial function genes in p53-mediated ROS accumulation. Moreover, physiological p53 levels in combination with an exogenous ROS source were able to convert a p53 senescence response into apoptosis. All of these findings establish a critical role of ROS accumulation and mitochondrial function in p53-dependent cell fates and show that other ROS inducers can collaborate with p53 to influence these fate decisions. Thus, our studies imply that therapeutic agents that generate ROS are more likely to be toxic for normal cells than p53-negative tumor cells and provide a rationale for identifying therapeutic agents that do not complement p53 in ROS generation to ameliorate the cytotoxic side effects in normal cells.
The p53 tumor suppressor protein can trigger the onset either of reversible or permanent growth arrest (51, 52) or of apoptosis (27, 34) . However, the mechanisms involved in the decision between these cellular responses are not well understood. Cell type, the presence of growth factors or oncogenes, the intensity of the stress signal, and the cellular level of p53 have been cited as important factors in determining a specific p53-induced response (7, 12, 53) . Posttranslational modifications of the p53 gene have also been reported to influence the response observed. For example, p53 phosphorylation by different kinases in response to stress can select for arrest or apoptosis, suggesting the involvement of modifiers upstream of the p53 gene (29) . Moreover, p53 mutants that can induce growth arrest but not apoptosis, or vice versa, have been identified (12, 49, 60) , which is consistent with the concept that certain p53 gene mutations may cause selective loss of the ability to transactivate certain p53-responsive promoters (35) .
Several p53-target genes have been reported to be specifically involved in apoptosis. These genes include those encoding KILLER/DR5 (56) , Bax (39) , IGF-BP3 (6) , and, more recently, PIG3 (45) , PAG608 (24) , PERP (1), Noxa (43) , PIDD (33) , p53AIP1 (44) , APAF-1 (46) , ferredoxin reductase (FDXR) (23) , and PUMA (41, 57) . Some of the genes, like the PIG3 and FDXR genes, are involved in reactive oxygen species (ROS)-related pathways (45) . Moreover, apoptosis triggered by p53 has been reported to be dependent on an increase of ROS and the release of apoptotic factors resulting from mitochondrial damage (45) .
An increase in ROS has independently been implicated in cellular senescence (10) . Senescence was first observed in normal human fibroblasts in culture, which have a finite replicative life span and then become permanently arrested (21) . Senescent cells have higher levels of ROS than normal cells (20) , and both oncogenic Ras (30) and the cyclin-dependent kinase inhibitor p21
Waf1/cip1/sdi1 (36) induce senescence in association with increased intracellular ROS. It has also been reported that oxidative stress caused by sublethal doses of H 2 O 2 (11) or hyperoxia (55) can force human fibroblasts to arrest in a senescence-like fashion (9) . Loss of wild-type p53 is sufficient for these cells to escape senescence (5, 48) , and it has therefore been suggested that senescence acts as a tumor suppressor mechanism to avoid the emergence of immortal cells (51, 52) . In view of the implication of ROS in both apoptosis and senescence and the capacity of p53 to elevate ROS levels, we studied the involvement of ROS in p53-induced senescence and how conditions of p53 expression may modulate ROS levels to achieve different cell fate outcomes.
MATERIALS AND METHODS
Cell culture. EJ or PC3 cells with a tetracycline (TET)-regulated expression system (17) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin-streptomycin (50 units/ml), hygromycin (100 g/ml) and geneticin (750 g/ml), plus 1 g of TET per ml to repress expression of p53. Fresh medium with TET was added every 3 days. To induce p53 expression, cells were washed three times with phosphate-buffered saline (PBS) and seeded in medium in the absence of TET. HCT116 cells, normal human fibroblasts (501T), 293T cells, and mouse embryo fibroblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin-streptomycin (50 units/ml). Cells were treated by adding to the medium 10 mM NAC (Sigma), 1 mM reduced glutathione (GSH; Sigma), 10 mM N-acetylalanine (NAA; Sigma), 0.2 g of doxorubicin per ml (Sigma), or different concentrations of tert-butyl-hydroperoxide (tBH; Sigma) for the specified time. If chemical was to be removed, cells were washed twice with PBS before fresh medium was added.
Adenoviral infection. An adenovirus containing p53 (Adp53), a generous gift of B. Vogelstein (Johns Hopkins University, Baltimore, Md.), or LacZ (AdLacZ) were amplified as previously described (22) . Cells were exposed to 10 l of the appropriately diluted virus stock.
FACS analysis. Fluorescent stained cells were transferred to polystyrene tubes with cell strainer caps (Falcon) and subjected to a fluorescence-activated cell sorter (FACS) (FACScan; Beckton Dickinson) with Cell Quest 3.2 software (Beckton Dickinson) for acquisition and analysis. FLIH and F12A are laser channels representing green and red fluorescence, respectively.
Cell cycle analysis. Cells were stained with propidium iodide (PI) with the CycleTEST Plus DNA reagent kit (Beckton Dickinson), according to the instructions provided by the manufacturer. FACS analysis was then performed.
Annexin and PI fluorescent staining. Cells were washed with PBS, trypsinized, and then incubated with annexin and PI with the Annexin-V-Fluos staining kit (Boehringer Manheim), as previously reported (2, 3), followed by FACS analysis. Cells positively stained with annexin and not PI were considered apoptotic, and cells negative for the two dyes were considered live cells.
Measurement of intracellular oxidation. Cells were incubated with 5 g of dichlorofluorescin diacetate (DCF; Molecular Probes) per ml for 30 min at 37°C, then washed with PBS, trypsinized, and collected in 1 ml of PBS, followed by FACS analysis. Values of mean fluorescence intensity were used to plot graphs. Alternatively, a colorimetric assay to determine intracellular GSH (GT10; Oxford Biomedical Research) concentrations was performed according to the manufacturer's directions. Briefly, cells were collected, washed, and incubated with provided reagents, and then samples were measured for optical density with a spectrophotometer set at 400 nm. To specifically measure mitochondrial levels of ROS, cells were incubated with 10 g of dihydrorhodamine 123 (DHR123; Molecular Probes) per ml for 30 min at 37°C and then washed with PBS, trypsinized, and collected in 1 ml of PBS, followed by FACS analysis. Values of mean red fluorescence intensity were used to plot graphs.
Sequencing of p53. Approximately 10 7 EJ cells were infected with Adp53 virus for 24 h. DNA was extracted with phenol-chloroform, precipitated, washed twice with ice-cold 70% ethanol, and then resuspended in 100 l of Tris-EDTA buffer. PCR assays were set up in a 50-l reaction volume with 50 ng of DNA, 1ϫ PCR buffer, 2 mM MgCl 2 , 0.11 mM deoxynucleoside triphosphate, 0.30 M of each primer (forward primer, 5Ј-GCAGTCAGATCCTAGCGTCGAG-3Ј; reverse primer, 5Ј-GCACCACCACACTATGTCGAAA-3Ј), and 1 U of platinum Taq DNA polymerase (Invitrogen). PCR was carried out for 35 cycles, with 5 cycles at 60°C and 30 cycles at 59°C. Post-PCR products were purified with a QIAquick PCR purification kit (Qiagen) according to the manufacturer's instructions. Two microliters of purified PCR product (Adp53) and the p53 plasmid used in the TET system (54) were sequenced with 2 M forward primer, the Big Dye 1.0 sequencing kit (Applied Biosystems), and an ABI 3700 DNA Analyzer.
Immunoblot analysis. Cells were washed twice with ice-cold PBS and lysed in EBC buffer (50 mM Tris [pH 8], 120 mM NaCl, 0.5% NP-40, 100 mM sodium fluoride, 2 mM sodium vanadate, 2 mM phenylmethylsulfonyl fluoride, and 10 g of aprotinin/ml). Lysates were cleared by centrifugation at 20,000 ϫ g for 20 min at 4°C. Protein concentrations were then determined with a bicinchoninic acid protein assay (Pierce). Forty micrograms of total cell protein per sample was subjected to sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and transferred to an Immobilon (Milipore) polyvinylidene difluoride filter. The presence of p21 was detected with the Ab-1 monoclonal antibody (Oncogene Science), and p53 was detected with the 1801 monoclonal antibody. An ECL detection system (Amersham) was used.
Senescence-associated ␤-galactosidase (SA-␤-gal) staining. Cells were washed in PBS and fixed with 2% formaldehyde-0.2% glutaraldehyde in PBS for 5 min at room temperature. Plates were stained as previously described (14) .
Immunocytochemistry. Cells were seeded onto glass coverslips and infected with either AdLacZ or Adp53 for 12 h. Coverslips were rinsed with PBS, fixed with 1% paraformaldehyde in PBS for 10 min at room temperature, washed two times with PBS, incubated in precooled ethanol-acetic acid (2:1) for 5 min at Ϫ20°C, washed two times with PBS, incubated for 15 min in 3% hydrogen peroxide in PBS, and then blocked in normal horse serum for 30 min at room temperature. Cells were stained for p21 with monoclonal p53 antibody (2.5 g/ml) overnight at 4°C. Following staining, cells were washed two times with PBS and then incubated for 30 min at room temperature in biotinylated horse anti-mouse secondary antibody (Vector Lab). Following two washes with PBS, cells were incubated in streptavidin-horseradish peroxidase (Zymed), washed three more times with PBS and once with 0.5% Triton X-100, and then incubated for 5 min in the dark with diaminobenzidine (Sigma).
RESULTS
Cell fate decisions concerning senescence or apoptosis in the same cell correlate with p53 protein levels. To study the relationship between p53-induced senescence and apoptosis, we initially tested the p53-null EJ human bladder carcinoma cell line with a TET-regulatable p53 expression system (EJp53) (19) . EJp53 cells undergo senescence-like changes in morphology when p53 expression is activated by the removal of TET from the culture medium (54) . Growth arrest becomes irreversible after 4 or more days of TET removal, even after repression of p53, and is accompanied by the expression of the senescence-specific marker SA-␤-gal (14) .
Previous studies with other cancer cell lines lacking p53 indicated that infection with an adenovirus containing p53 (Adp53) can cause apoptosis (45) . To investigate the basis for these different responses, we infected EJp53 cells cultured in the presence of TET with Adp53. As shown in Fig. 1A , while TET removal induced a pronounced arrest in both G 1 and G 2 phases of the cell cycle, as previously reported (54), Adp53 infection resulted in an initial arrest followed by a marked increase in the apoptotic fraction (sub-G 1 ). After 3 days, around 70% of the cells infected with Adp53 were apoptotic, whereas 90% of the same EJp53 cells induced by TET removal survived in a proliferation-arrested state. Infection of EJp53 cells with AdLacZ, a control adenovirus, did not induce apoptosis, indicating that adenovirus infection itself was not responsible for this effect. Annexin V-PI staining, a method used to detect early induction of apoptosis, confirmed these results (Fig. 1B) , which also correlated with the morphological changes observed under the microscope (Fig. 1C) . Whereas TET-regulatable p53 expression resulted in elongated growtharrested cells with the morphological features of senescence (54) , cells infected with Adp53 for 2 days rounded up, contracted, and lost adhesion to the plate, a result characteristic of apoptosis (13) . We also analyzed p53-null PC3 human prostate cancer cells with a TET-regulatable p53 expression system (PC3p53) (31) . Similar to EJp53, PC3p53 cells underwent senescence-like changes similar to those observed with EJp53 after TET removal (data not shown). In striking contrast, Adp53 infection of uninduced PC3p53 cells caused apoptosis in around 40% of the cells (Fig. 1B) .
To investigate the basis for the striking differences in biologic responses to wild-type p53 expression under these different conditions, we measured the kinetics of p53 protein increase as well as levels of expression after TET removal or following Adp53 infection. As shown in Fig. 1D , Adp53 infection resulted in much higher levels of the p53 protein and of its transcriptional target, p21, than observed in either TET-induced EJp53 or PC3p53 cells. Of note, p53 levels observed after 2 days of TET removal were similar to those observed in p53 wild-type cells in response to exposure to doxorubicin, a DNA-damaging agent (Fig. 1E) . Thus, the 5-to 20-fold increase in p53 levels observed with Adp53 infection appeared to be considerably higher than might be expected in response to physiological cell stress.
It has recently been shown that a polymorphism in position
72 affects the ability of p53 to induce apoptosis (16) . The Arg72 variant has been reported to induce apoptosis more efficiently than the Pro72 variant. To confirm that the different responses observed with TET and Adp53 were due to p53 protein levels and not to different polymorphic variants of p53, we sequenced the constructs used in the TET system and Adp53. As shown in Fig. 1F , both constructs had the Pro variant in position 72, thus excluding this polymorphism as being responsible for the different cell fate outcomes observed. ROS increases in p53-induced senescent and apoptotic cells. Previous studies have implicated increased ROS levels as responsible for apoptosis induced by Adp53 in DLD-1 colon cancer cells (45) . We have also shown that p21 causes p53-independent ROS accumulation, which is responsible for the (36) . To investigate the role of ROS in the senescent or apoptotic cell fates triggered by different p53 levels in EJ and PC3 cells, we measured ROS levels with the green fluorescent probe DCF, a marker of a change in general cellular oxidant accumulation (50) . As shown in Fig. 2A , FACS analysis of DCF-stained EJp53 cells revealed a progressive increase in ROS levels following TET removal. After 3 days of induction, when senescent morphological changes were first observed, ROS levels in the cells had increased around twofold, with further increases by day 5, when growth arrest became irreversible. By comparison, Adp53-infected cells showed as much as an eightfold increase in ROS levels within 3 days (Fig. 2B) . We next studied whether ROS levels correlated with the decision between senescence and apoptosis in PCp53 cells. Figure 2B shows that Adp53-infected PC3p53 cells exhibited much higher ROS levels than PC3p53 cells after TET removal. As observed with EJp53 cells, the higher ROS levels correlated with induction of the apoptotic response. We also tested the effects of Adp53 in the p53-negative cancer cell line DLD-1. In this case, after 4 days of infection more than 60% of the cells were apoptotic, with ROS increases of at least sixfold (data not shown).
To extend these results, we measured the levels of intracellular GSH, one of the principal ROS buffers and a marker of oxidative stress (15) . Consistent with the increase in ROS, GSH levels were decreased in EJp53 cells cultured in the absence of TET and more markedly decreased in Adp53-infected cells (Fig. 2C) . Moreover, we stained these cells with DHR123, a red fluorescent dye that has been used to measure mitochondrial levels of H 2 O 2 (8) . As shown in Fig. 2D , EJp53 cells infected with Adp53 exhibited greater increases in fluorescence than cells with p53 induced by TET removal. Even though DHR123 can also reflect mitochondrial accumulation of peroxide generated elsewhere in the cell and, therefore, is not an unequivocal marker for mitochondrial ROS production (42) , this result confirms that Adp53 produces higher oxidative intracellular increases and suggests a possible role of the mitochondria in ROS generation after p53 induction.
To further establish that the different cell fate outcomes were due to p53 protein levels and not to other possible variables between the TET and adenoviral models, we titrated the amount of Adp53 used to infect EJp53 cells. As shown in Fig.  3A , infection of EJp53 with an amount of virus 100-fold lower than that which induced apoptosis in these cells resulted in protein levels similar to those observed with TET removal. This concentration was sufficient to lead to p53 expression in most of the cells (Fig. 3B) but did not cause a significant increase in apoptosis. Instead, such cells showed a cell cycle arrest (Fig. 3C ) similar to that seen with TET removal (see Fig.  1A ). Of note, the levels of induced ROS increased around twofold (Fig. 3D) , which is similar to the increase observed with TET removal, compared to the much higher ROS levels observed with cells infected with higher concentrations of Adp53 (see Fig. 2B ). 
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The p53 levels and associated ROS increases correlate with the induction of senescence or apoptosis in normal human fibroblasts. To investigate whether the responses of normal human fibroblasts to different p53 levels were comparable to those seen in cancer cells, we utilized a retrovirus containing p53 (Retrop53) or Adp53. As shown in Fig. 4A and B, fibroblasts selected following Retrop53 infection showed growth arrest, increased cell size, and intact nuclei, which are characteristic of senescence, in the absence of detectable apoptosis. In contrast, Adp53 caused apoptosis in these same fibroblasts after 3 days. ROS levels induced by Retrop53 increased around 1.5-fold over vector controls, whereas Adp53 caused a greater than threefold increase in ROS levels (Fig. 4C) . These different cell responses again correlated with the increased p53 protein observed (Fig. 4D) . Thus, quantitative differences in p53 expression levels correlated with ROS induction and either senescence or apoptosis in the same normal cell.
The influence of Bax and PUMA on p53-induced ROS and apoptosis. The proapoptotic Bax gene is a Bcl-2 family member that has been reported to increase mitochondrial membrane permeability (26, 37) . It has been shown to be upregulated by DNA damage and p53 (39) , and the requirement for Bax in p53-induced apoptosis has been proposed to be cell context dependent (4, 7, 40) . Moreover, EJp53 cells infected with Adp53 exhibited higher Bax protein levels than observed in EJp53 cells after TET removal (Fig. 5A) . PUMA is a BH3-only protein that binds to Bcl-2 and Bcl-X L and is directly regulated by p53 (41, 57) . When overexpressed, PUMA causes cytochrome c release from the mitochondria and induces apoptosis. To test the role of both Bax and PUMA in Adp53-induced ROS and apoptosis, we used HCT116 cells with either of these genes inactivated by somatic gene targeting (59) . As shown in Fig. 5B , immunostaining revealed a similarly high percentage of cells (Ͼ50%) expressing p53 in each cell line in response to Adp53. Both Bax Ϫ/Ϫ and PUMA Ϫ/Ϫ cells were significantly more resistant to apoptosis after infection with Adp53 than wild-type parental cells, a result that is consistent with previous reports (Fig. 5C) (59) . Of note, the accumulation of ROS in response to p53 was also markedly reduced in the absence of either Bax or PUMA (Fig. 5D ). These findings further correlate with the magnitude of ROS accumulation in response to p53 in determining apoptosis and implicate Bax and PUMA as important effectors of p53-induced ROS, suggesting a mitochondrial role in generating ROS after p53 upregulation. 
ROS inhibition partially blocks senescence and apoptosis in EJp53 cells.
To investigate the contribution of ROS to p53-induced senescence and apoptosis, we tested whether the antioxidant N-acetylcysteine (NAC), a reduced GSH provider and a direct scavenger of ROS (10, 47) , was able to protect cells from the permanent growth arrest phenotype. Around 100 EJp53 cells were plated, and p53 was induced by TET removal for up to 4 days. TET was then added back to the medium, and cells were cultured for another 2 weeks for analysis of colony formation. It has been shown that the longer such cells are exposed to p53, the fewer colonies that can be recovered following p53 down-regulation (54) . Figure 6A shows that the addition of 10 mM NAC to the culture medium increased the number of cells able to escape p53-induced senescence, suggesting that inhibition of ROS protected them from this outcome. The fraction of cells that scored positive for the senescence marker SA-␤-gal was also reduced in EJp53-induced cells cultured in the presence of NAC (Fig. 6B) . DCF staining of these cells confirmed that NAC treatment significantly reduced ROS accumulation (Fig. 6C) . NAC did not induce cell death at the concentration utilized (see Fig. 6F ). As a further control, 10 mM NAA, a structural analogue of NAC without antioxidant activity, had no effect on colony recovery (data not shown). All of these results implied that ROS accumulation was an important mediator of p53-induced senescence.
We next tested the effects of antioxidants on p53-induced apoptosis. As shown in Fig. 6D , treatment with NAC did not affect p53 or Bax protein levels induced by Adp53 infection. Treatment of EJp53 with either 10 mM NAC or 1 mM reduced GSH prior to Adp53 infection significantly inhibited the magnitude of the increase in ROS levels compared to the increase observed in the absence of antioxidants, whereas the inactive NAC analogue NAA had no effect on ROS accumulation (Fig.  6E ). NAC and GSH treatment also resulted in a statistically significant increase in surviving cells after 24 h (Fig. 6F) . Because at higher concentrations antioxidants had adverse effects on cell survival, it was not possible to determine whether further neutralization of ROS could be achieved, and if so, whether the magnitude of the p53 apoptotic response would be further reduced.
Exogenous ROS cooperates with physiological levels of induced p53 to convert a senescent response into apoptosis. The above results demonstrated that high, nonphysiological levels of p53 were needed to induce apoptosis in the same cells in which physiological levels of this tumor suppressor caused permanent growth arrest. Moreover, these outcomes could be directly correlated with the magnitude of p53-induced ROS. Thus, we reasoned that exposure of TET-regulated EJp53 cells to an exogenous source of ROS might be sufficient to alter their fate so as to convert a senescent response to apoptosis.
To test this possibility, we used tBH, an organic hydroperoxide that causes oxidative stress (58) . In combination with physiological levels of p53 induced by 24 h of TET removal, tBH was able to induce apoptosis in EJp53 cells that would otherwise have undergone the senescence process (Fig. 7A) . Moreover, such cells were significantly more sensitive to tBH-induced cell death than uninduced cells. Whereas treatment with 50 M FIG. 6 . Effect of antioxidants on p53-induced senescence and apoptosis. (A) Representative plates from a colony formation assay, in which around 100 EJp53 cells were plated. Cells were maintained in the absence of TET for 0 (Control), 2, 3, or 4 days, and then TET was added again to the medium. Cells were cultured for 14 more days followed by 10% formalin fixation and Giemsa staining. Where indicated (plus sign), 10 mM NAC was added at the beginning of the experiment and at each subsequent medium change, until TET was added back to the medium. Oxidative stress is known to induce p53 expression (11), and we and others have shown that p53 induces ROS (45) . To test the possibility of the existence of a positive feedback loop between ROS and p53, we measured p53 protein levels in induced and uninduced EJp53 cells after tBH treatment. At sublethal concentrations, tBH did not alter p53 or Bax protein levels (Fig. 7C) . These results indicate that oxidants do not change p53 levels or activity with respect to Bax induction in EJp53 cells.
DISCUSSION
The tumor suppressor p53 is an important sensor of cellular stress conditions, including DNA damage, hypoxia, survival factor deprivation, mitogenic oncogenes, and telomere shortening. Various outcomes can be observed following p53 activation in response to such stresses, including reversible growth arrest, permanent growth arrest or apoptosis (27, 32, 34) . In fact, it is thought that the need for a cell to escape these cell fates in order to become a cancer cell accounts for the high frequency at which p53 function is lost in cancers. Thus, elucidation of the p53 signaling pathways involved in each of these different cellular responses has potentially important implications for understanding cellular aging and cancer as well as for therapeutic approaches aimed at counteracting these pathological processes. In the present studies, we manipulated p53 expression levels in different cell types in the absence of other stimuli in an effort to identify those p53 functions critically involved in determining cell fate decisions with respect to senescence and apoptosis.
At physiological levels of expression similar to those induced by DNA damage, p53 expression alone induced a growth arrest phenotype in EJ cells, which under conditions of TET-regulated expression became permanent by 4 to 5 days despite subsequent p53 down-regulation. In contrast, a p53 adenovirus vector, which resulted in p53 protein expression levels that were at least 10-to 20-fold greater than could be observed in DNA-damaged wild-type p53-containing cells, induced rapid and efficient apoptosis. Our results show that when p53 was induced in the same cell context and in the absence of other stimuli, the magnitude of p53 expression alone determined the decision with respect to these cell fates; this result is consistent with previous reports that demonstrate that the intracellular level of p53 can influence the decision between arrest and apoptosis (12) . These findings help to explain the differences in cell fates observed in various studies where Adp53 was compared to other p53 expression systems.
It has been previously shown that p53 induces ROS accumulation (45) , and a number of genes induced by p53 are associated with the metabolism of ROS (45) . We observed that in cells undergoing senescence in response to p53 at physiological expression levels, there was a reproducible two-to fivefold increase in ROS accumulation. Moreover, NAC, a free radical scavenger, was able both to ameliorate ROS accumulation and to partially rescue the same cells from the permanent growth arrest phenotype. These findings implicate ROS accumulation in determining p53-induced senescence. At the high p53 levels capable of inducing an apoptotic response, we observed a more rapid appearance and a greater magnitude of ROS accumulation in the same cells that underwent p53-induced senescence at physiological p53 expression levels.
Previous studies have indicated that Adp53 induces ROS associated with decreased levels of cardiolipin, a component of the mitochondrial membrane that is sensitive to oxidative damage (45) . Moreover, overexpression of ferredoxin reductase, a p53-induced gene, resulted in its localization to the mitochondrial membrane associated with mitochondrial accumulation of ROS (23) . In our present studies, an Adp53 apoptotic response could be ameliorated by NAC and GSH but not by inactive analogues, and ROS inhibition by antioxidants correlated with a decreased magnitude of apoptosis. All these results strongly imply that the level of p53 protein overexpression and the p53-induced elevation of intracellular ROS importantly influence the decision between senescence and apoptosis in a given cell.
It has been reported that p53 can induce the expression of Bax, a proapoptotic gene product of the Bcl-2 family. Bax has been proposed to control mitochondrial membrane permeability either by forming a channel in the outer mitochondrial membrane or by regulating the opening and closing of the permeability transition pore (37) . After the disruption of the membrane, mitochondrial proteins including cytochrome c and Smac/DIABLO are released into the cytosol, activating caspase-9 and inhibiting antiapoptotic proteins, which leads to activation of the downstream effector caspases of the apoptotic cascade (40) . The requirement of Bax by p53 to induce apoptosis has been proposed to be context dependent. Previous studies have shown that the absence of Bax did not suppress ␥-irradiation-induced p53-dependent apoptosis in mouse lymphocytes (28) . On the other hand, chemotherapy-induced p53-dependent apoptosis in Bax Ϫ/Ϫ primary mouse embryo fibroblasts was shown to be attenuated, although not completely suppressed (38) . In accordance with these findings, we showed that the absence of Bax impaired an Adp53-mediated apoptotic response. Our results further show that the absence of Bax significantly inhibited the accumulation of intracellular ROS. Similar results were observed in the absence of PUMA. PUMA has been reported to be an exclusively mitochondrial protein that binds to members of the Bcl family (57) . These data, together with our results showing increased mitochondrial oxidation, indicate important roles of Bax and PUMA in ROS accumulation in response to p53 upregulation. Since adaptive changes may occur in cells in which there has been a knockout expression of any given gene, further studies will be needed to fully elucidate the roles of Bax and PUMA in the p53-dependent elevation of intracellular ROS.
A major question in cancer therapeutics is the impact in a high fraction of tumors of nonfunctional p53 on the ability of specific agents to selectively target the tumor as opposed to normal cells. Our observations that p53 induces ROS accumulation, which plays an important role in both senescence and apoptosis cell fate decisions, led us to ask whether p53 at physiological levels induced by cellular stresses could cooperate with an exogenous ROS source to favor an apoptotic outcome. By the use of TET-regulatable p53-containing tumor cells, we observed that this was indeed the case. At physiological p53 protein levels capable of triggering senescence, an apoptotic response was observed when the p53-induced increase in intracellular ROS levels was complemented by an exogenous ROS source, which itself was not able to induce apoptosis in the absence of p53.
These findings suggest the existence of a threshold of cellular oxidation above which the apoptotic program is initiated. This threshold may vary between cell types or as a function of other physiological factors. However, the balance between all the ROS inducers and the antioxidants present in the cell at a given moment is likely crucial in determining cell fate decisions (Fig. 8) . Certain agents used in cancer therapy, such as ␥-irradiation and doxorubicin, have the ability to induce ROS (18) . Based on our present findings, those therapeutic agents that cooperate with p53 in ROS generation would likely be more toxic for wild-type p53-containing normal than p53-negative tumor cells. These results provide a rationale for identifying therapeutic agents that do not complement p53 in ROS generation, which would ameliorate the cytotoxic side effects of such chemicals in normal cells. FIG. 8 . The balance between all the oxidants (like p53, certain kinds of stress, or chemotherapeutics) and antioxidants present in the cell in a given moment can determine, by controlling intracellular ROS levels, whether a cell fate response would be senescence or apoptosis. Apoptosis is induced only if intracellular oxidation reaches a certain threshold. 
